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Abstract: Downdraft gasification is a promising process of energy conversion of wood biomass.
There are such fuel conversion conditions that differ favorably from conventional conditions. In such
conditions, there is no pyrolysis zone in the fuel bed, which precedes the oxidation zone. Fuel is
supplied into the oxidizing zone without charring, where it reacts with the intensive cold air flow
from tuyeres. The study aims to replicate the conversion of particles in a gasifier close to tuyeres.
For this purpose, the individual particles are burned in the muffle furnace space and the quartz
channel replicating presence of other bed particles at a first approximation. In the experiment, the
furnace temperature was varied, as well as the velocity of air supplied to the particle. Two-stage and
single-stage mechanisms of particle combustion were identified. A two-stage process is observed in
the range of tuyere velocities below 20 m s−1. The two-stage mechanism is characterized by a stage
of devolatilization and volatiles combustion, followed by a stage of char residue combustion. The
stages are predominantly separate from each other, and their degree of overlapping is low, amounting
to 24%. At the tuyere velocities above 125 m s−1 combustion of particles is realized primarily as a
single-stage process. The intensive air flow reaches the fuel particle surface and initiates combustion
of the surface char layer. In this case, the stages of devolatilization and char residue combustion run
concurrently for the most part. In the single-stage mechanism, the degree of stage overlapping is
significantly higher and amounts to 60–95%. For the two-stage combustion mechanism, the effect
of cyclic movement of the flame across the particle surface is evident. The number of cycles can
reach eight. This effect is due to the change of conversion stages. At air velocity above 95 m s−1,
fragmentation of fuel particles commences. A layer of char formed at an initial stage of burning heats
up in the intensive air flow and is separated from the particle surface. The heated walls of the quartz
channel contribute to the intensification of particle combustion. This effect is probably due to the
swirling of the flame between the wall and the particle surface.

Keywords: biomass; downdraft gasification; single particle; combustion; mechanism; stages
overlapping; fragmentation

1. Introduction
1.1. Background

Biomass is a renewable and promising energy source. It has a low cost, reduces
countries dependence on fossil fuel supplies, and causes minimal environmental damage [1].
Compared to fossil fuels, the use of biomass yields lower carbon dioxide emissions [2–4].
Together with other renewable energy sources, biomass is seen as an element of sustainable
development in a number of countries and regions [1,5]. Biomass has a number of features
that complicate the feedstock supply chain and cause it to be used in plants of low unit
capacity. Among these features are low calorific value and density of biomass, high
moisture content, seasonal availability, and heterogeneity of geographical distribution [6].

There are three main approaches to energy conversion of biomass: thermochemical,
biochemical, and physiochemical [7]. A promising method of thermochemical conversion is
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the process of biomass gasification. In some cases, it proves more attractive than pyrolysis
and combustion technologies from a technical and economic standpoint [8].

For small-scale power generation, biomass downdraft gasifier units are promising.
Reactors of the downdraft type are characterized by simplicity of design and use, as well
as small capital outlays. They make it possible to produce gas with low content of particles
and tar [9]. Recent studies of biomass downdraft gasification are mainly aimed at solving
the following problems:

1. Optimization of process parameters in order to reduce the yield of tar and char
residue and increase cold gas efficiency and yield of target reaction products, such as
hydrogen [10–12].

2. Significant reduction in the tar yield directly in the gasification process. This problem
is solved by arranging additional reaction zones in the gasifier with the supply of the
gasifying agent to these zones [13,14].

3. Effective cogasification of biomass with other fuels (coal, plastic, different types of
waste, etc.), as well as cogasification of biomass of different origin [15–17].

4. Increasing the stability and automation of the gasification process [10,18,19].

A key defining feature of the process taking place in the downdraft gasifier is the high
velocity of the gasifying agent relative to the fuel particles. Gas velocity at the tuyere outlet
can reach 33 m s−1 [20]. In fluidized bed reactors, the agent velocity is 4–6 m s−1 [21]. Gas
velocity at entrained flow gasification is 15–30 m s−1, but fuel particles 20–80 µm in size in
these conditions move with the flow [22]. The tuyeres in the downdraft gasifier are located
on the reactor surface. The high velocity allows the air jet to penetrate into the center of the
fuel bed, which facilitates efficient oxidation and cracking of tar.

This paper is part of a larger study aimed at identifying the mechanism of wood
downdraft gasification. The starting point of this study was the discovery of unconven-
tional gasification conditions, as well as putting forward the hypothesis of an unstratified
conversion mechanism [23]. The unconventional conditions were characterized by high
cold gas efficiency, low reactor load sensitivity, compact reaction zone, etc. In further
experimental works, it was established that there is no pyrolysis zone in some cases [24]. In
other words, raw wood particles entered the area of the gasifier tuyeres and were gasified
there. The process also had the properties mentioned above.

The paper deals with the combustion of single wood particles in an intense flow of
tuyere air. To replicate the fuel bed, a wood particle was placed in a heated quartz channel.
It is worth assuming that the bed particles significantly increase the intensity of each other’s
combustion due to an increase in the turbulent component of the heat and mass transfer
processes. For example, in a study of combustion of graphite particles in a fluidized bed,
there was a significant increase in the Sherwood number as the particle size of the inert
material increased [25].

1.2. Combustion Mechanism of Single Fuel Particles

Studies on single-particle combustion are being carried out by a number of teams
from Italy, Sweden, the UK, and other countries. The current interest in this research is due
to the intensive development of oxy-fuel combustion technology, characterized by high
environmental friendliness and the possibility of effective capture and storage of carbon
dioxide. Studies of combustion of coke residue particles and coal in a fluidized bed [26–28],
as well as biomass [29,30] are conducted.

The single particles combustion mechanism includes the stages of the release and
combustion of volatiles (homogeneous process) and the combustion of a char residue
(heterogeneous process). Depending on the combustion conditions these stages can proceed
sequentially or overlap with each other.

Howard and Essenhigh found a significant overlapping between the homogenous and
heterogeneous combustion stages of bituminous coal particles burning in pulverized fuel
flames. With about 95% volatiles released from the fuel, about 50% of the coke residue was
combusted at the same time [31]. Accounting for the fractional composition of fuel in the
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mathematical model allowed the authors to establish a significant overlapping of stages
for particles smaller than 15 microns, a slight overlapping for particles ranging from 15 to
65 microns, and staged combustion for particles larger than 65 microns. Tufano et al. later
refined the Howard and Essenhigh data. Detailed kinetic modeling attests to the overlap-
ping of volatile and coke residue combustion stages even for coal particles 100 microns in
size [32].

Fuels with high volatile yields, such as biomass, are characterized by staged combus-
tion, even for relatively small particles of 53–75 microns [33] and 0–100 microns [34]. How-
ever, spectral analysis of the radiation of burning biomass particles of 224–250 microns re-
vealed a slight overlapping of the stages of homogeneous and heterogeneous combustion [35].

Large biomass particles burn mostly in separate stages. Remacha et al. found that
the volatile matter flux from the particle surface is an order of magnitude greater than the
flux of oxygen diffusing to the particle surface [36]. The volatile matter flux protects the
solid surface of the particle from oxidation by oxygen. Mason et al. note the overlapping of
stages of combustion, caused, however, by the asymmetry of particle heating, when the
char residue begins to burn on one side of it, while the other is still completing the release
of volatiles [37].

The subject of stages overlapping of solid fuels combustion remains poorly researched,
which is evidenced by the almost complete absence of numerical metrics of this process.
Only the work of D. Howard and R. Essenhigh, referred to above, notes a quantitative
measure of overlap, but does not indicate how it was estimated [31]. Most papers pro-
vide a qualitative description of stage overlapping, following from visual observations
or the results of mathematical modeling [38–40]. In this paper, we propose a technique
for identifying the degree of overlapping of the char residue combustion stage with the
devolatilization stage in the conversion of biomass particles.

2. Methods and Approaches
2.1. Single-Particle Combustion Method

For studying the combustion of particles in an intensive air flow we proposed and
tested our own method [41]. Following this method, a sample is placed into the heated
space of a furnace or channel and is blown over by air from a tuyere (Figure 1). The
temperature of the air entering the tuyere is about room temperature (20–25 ◦C). The
sample is held by a thermocouple with an open junction. The sample can be burned out
completely or removed from the furnace after desired period of time measured from the
moment the particle was placed in the furnace. Burning particles are quenched in the
quenching chamber.
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The reproducibility of the experiments is supported by automatic systems of the
rig that are synchronized with each other (Figure 1). These systems are responsible for
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air supply, sample movement and its quenching, temperature measurements, and video
recording of the combustion process. Precise positioning of the sample in the furnace is
ensured by a purpose-made sample holder with a precision movement mechanism.

Particles of similar initial sizes and weight, prepared from the same wood piece
(pine) were used for tests. They were 12 ± 0.1 mm cubical shape particles weighing
671 ± 11 mg. Sample exposure in the furnace for different periods of time allows simulation
of time-dependent change of mass, volume, and shape of a particle that is averaged over
multiple samples.

After the experiment, samples were dried at 105 ◦C until they reached a constant
weight. Part of the samples was used to determine the yield of volatiles and fixed carbon.
The relative mass of charred particles (m, d.b.) was estimated as per the following expression:

m =
msample

m0
, (1)

where m0 and msample—mass of the sample before and after the experiment. In addition, the
mass of the char surface layer and the wood core, weakly affected by the thermochemical
process, was determined. To perform the latter measurements, the surface char layer was
peeled off from charred samples. The relative mass of the wood core (mcore, d.b.) and char
layer (mchar, d.b.) was determined as per the Equations (2) and (3), respectively.

mcore =
mwood

m0
(2)

mchar =
mchar

m0
(3)

2.2. Combustion Process Parameters

The air velocity in the tuyere of the rig varied from 10 to 125 m s−1. The upper
velocity value was chosen so as to be significantly higher than that in the downdraft gasifier.
This choice allowed us to investigate atypical combustion conditions of the particles.
The temperature in the experiments was 800–1200 ◦C, which corresponds to the level of
temperatures achieved in the downdraft reactors [42–44].

In the first series of experiments, the particles were combusted in the furnace space,
without a channel. Three heating temperatures were used: 800, 1000 and 1200 ◦C. Different
air flow rates were tested for each furnace temperature. Air flow velocity in the tuyere
varied from 20 to 125 m s−1.

In the second series of experiments a quartz channel was placed into the furnace that
simulated the environment of bed particles (Figure 2). The channel was made of a quartz
tube and was attached to the tuyere block. An inner diameter of a channel was 22 mm, and
clearance between the particles’ edge and an internal wall of the channel was 2.5 mm. The
heating temperature during the experiments was 600 and 800 ◦C. Higher temperatures were
not used because of the intense reaction of quartz and ash components at temperatures of
1000 ◦C and above. After several trials, the wall of the channel became opaque and its inner
surface was covered with small pores. Air velocity in the tuyere varied from 10 to 125 m s−1.
In some experiments, the samples were burned out completely up to the moment of particle
detachment from a holder by an air flow, or partially. In the latter case, the burning particles
were removed and then quenched following the developed procedure.
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2.3. Types of Particle Holders

Two types of holders, which are different from each other in their design, were used.
In the first type (type A), the air supply system is integrated with the thermocouple, on
which the particle is mounted, and the tuyere and thermocouple move together with each
other (Figure 3a). This type of holder is distinguished by the fact that in it the thermocouple
wires are blown by a flow of cold tuyere air. The disadvantages of the first type of holder
are the difficulty of using it together with the quartz channel, and the fact that the air
flow tends to blow the particle off the thermocouple. The latter circumstance prevents the
complete combustion of the samples.
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The second holder type (type B) moves the sample into and out of the furnace, while
the tuyere and the inert channel are permanently installed in the furnace (Figure 3b).
This holder type combines well with the inert channel but is characterized by heating
of the thermocouple wires from the sample flame. The heat from the wires reaches the
thermocouple junction, which distorts the measurement results. Protecting the wires with
a ceramic sheath and steel cover only partially solves this problem.

Figure 3c shows the thermocouple junction temperature for different types of holders.
The temperature profiles are similar to each other, but for the type B holder the heating is
performed faster because it is affected by the flame from the sample. The type A holder is
located outside the particle flame.

2.4. Process Metrics

The equivalence ratio was calculated as per Equation (4) as the weight ratio of the air
supplied to the process to the air required for stoichiometrical combustion of fuel [45,46].
The latter magnitude was found as per Equation (5). The equivalence ratio can be estimated
with a sufficient degree of accuracy only for the case of combustion of particles in the
channel. The latter separates the sample space from the furnace space and allows the air in
the furnace to be excluded from the heterogeneous combustion process.

ER =
moxygen, supplied

moxygen, stoichiometric
(4)

Cx HyOz +
(

x +
y
4
− z

2

)
O2 = xCO2 +

y
2

H2O (5)

Let us imagine that there is some idealized combustion process, which proceeds in
separate stages. At the first stage of the process, the volatile matter is released from the
sample and combusted, after the complete release of which the second stage of combustion
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of the char residue begins. The condition of the absence of overlapping of the combustion
stages of the particle by the time t can be represented by the following expression:

FCc = FCpyro − FCt = 0, (6)

where FCc and FCt burned and unburned parts of the char residue by the time t, respectively,
FCpyro—char residue obtained during pyrolysis of the particle. The fixed carbon of the fuel
is not consumed during the devolatilization stage, and its amount in the charred sample
remains constant and equal to the maximum amount.

When the combustion stages fully overlap, by the time t there is a quantitative con-
sumption of the char layer formed on the surface of the particle:

FCc = max (7)

Given complete combustion of the char layer, the residue of the particle will be raw
wood, and the following ratio must be met:

FCpyro

VMpyro
=

FCt

VMt
=

FCc

VMc
, (8)

where VM is the volatile matter. From the expression (8) it follows that the maximum
amount of burnt char residue will be:

FCc =
FCpyroVMc

VMpyro
(9)

Based on the extreme conditions of overlapping of the stages (6) and (9), the degree of
overlapping over time t can be found by the following equation:

X =
FCpyro − FCt

FCpyroVMc
VMpyro =

FCpyro − FCt

FCpyro − FCpyro
VMt

VMpyro

(10)

In order to obtain charred samples, the entire particle combustion time range is divided
into 10 intervals. At least two samples have to be obtained for each time interval, one of
which is used to determine the mass of the wood core and surface layer of the char and
the other one is required to determine the fixed carbon. To estimate the measurement
uncertainty, one needs to test three to five parallel samples. The total number of samples,
in this case, is 60–100 per one set of process parameters. When varying the parameters,
the number of samples increases significantly, this makes conducting experiments much
more time-consuming.

To reduce the number of experiments, the measurement uncertainty was estimated
for one set of process parameters only. The assumption is made that changes in the
process parameters do not significantly affect the uncertainty. The furnace temperature was
assumed to be 800 ◦C, air velocity—20 m s−1, the number of parallel samples—5 pcs. The
samples were combusted in the furnace space. The standard deviation of the quantities of
interest was as follows: m—2.9%, mcore—2.5%, mchar—0.7%, X—3.6%.

3. Results and Discussion
3.1. Furnace Space Particle Combustion
3.1.1. Particle Combustion Mechanisms

Combustion of single wood particles follows three possible mechanisms depending
on the air flow velocity. The first mechanism is realized at an air flow velocity of 20 m s−1

and lower. It is characterized by stage-wise nature. After the particle ignition, a flame of
burning volatiles is formed around it (Figure 4a). This flame obstructs air penetration to the
particle surface and prevents oxidation of a char layer. The front side of a particle remains
cold and there is no flame near it.
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20 m s−1, type A holder. Temperatures indicated under the figures are readings of the thermocouple
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Volatiles are released and burned at the first stage. A flame envelope is torn off from
the particle surface when the temperature in its center is as high as 330–350 ◦C (Figure 4b).
The flame base is located at the back face of a particle. After termination of the intensive
release of volatiles the carbon residue of a particle starts to incandesce, and a stage of
carbon residue combustion commences (Figure 4c).

A single-stage mechanism of particle combustion occurs at air velocity in the tuyere
above 125 m s−1. At the initial stage of particle combustion, its front edges and corners
start incandescing, which evidences the burning of a char layer in those places (Figure 5a).
A flame is not observed during burning. Incandescent areas gradually embrace the entire
particle, but not its back face (Figure 5b). Particle center remains relatively cold. Its tempera-
ture is about 200 ◦C, which is not sufficient for the wood to be intensively decomposed. The
center of a particle is heated to the temperature of pyrolysis commencement only when the
burning front approaches it directly (Figure 5c). In a single-stage mechanism of combustion,
the stages of volatile release and of char residue burning occur simultaneously.
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Figure 5. Particle combustion at a furnace temperature of 800 ◦C and air flow velocity of 125 ms−1,
type A holder. Figures below the pictures are temperatures at the center of a particle. (a) 173 ◦C,
(b) 202 ◦C, (c) 285 ◦C.

With the velocity of air flow growing from 20 to 125 m s−1, a two-stage conversion
gradually changes over to a single-stage one. It is worthwhile mentioning that the tempera-
ture impact on the ranges in which some or other type of combustion mechanism occurs
has not been observed. This impact is most probably irrelevant.

3.1.2. Particles Fragmentation during Combustion

Destruction of fuel particles into smaller ones is referred to as fragmentation. This
phenomenon occurs in the process of fuel combustion, gasification and pyrolysis [47–49].
There are two types of fragmentation. Primary fragmentation is destruction of particles at
stages of fuel drying and devolatilization [50–52]. It is due to mechanical stresses between
different points of the same particle with different temperatures, and due to the destructive
effect of the pressure of gas-vapor formed during pyrolysis. Secondary fragmentation
occurs at a stage of char residues conversion and is conditioned by the growth of the
porosity of the particles [53].

In a number of experiments, we observed the following mechanism of burning particle
fragmentation. First, within several seconds after placing a sample into the furnace it
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carbonizes (Figure 6a). Then the outer layer of char starts reacting with the air flow and
rapidly incandesces (Figure 6b). The incandesced char layer is separated from the particle
surface (Figure 6c). The major share of separated fragments remains fixed to the particle
and burns near its surface, but some fragments are separated and fly to the furnace space.
In Figure 6d, the separated fragment can be seen in the top right-hand part of the photo.
Particle fragmentation is probably due to the following two causes. At rapid heating of the
surface layer of char, intensive pyrolysis commences in the underlying layers of a particle.
The gaseous products formed put pressure on the surface layer. During heating this layer
expands, which facilitates its separation from the particle. The existence of a similar mixed
mechanism of fragmentation was previously reported in the literature [50].

Appl. Sci. 2022, 12, 1179 9 of 20 
 

    

(a) (b) (c) (d) 

Figure 6. Particle fragmentation and preceding stages. Time elapsed after sample placing into the 

furnace is given under the photos. On the right of the photos a part of a type A holder is seen. (a) 4.3 

s, (b) 4.5 s, (c) 5.0 s, (d) 5.4 s. 

Fragmentation, to a certain extent, is a stochastic phenomenon, and the probability 

of its occurrence can conveniently be estimated by the fragmentation event rate [54]. This 

parameter is calculated as a ratio of fragmentation events to the total number of parallel 

samples tested under specified conditions. The number of parallel samples in the ex-

periment ranged from three to five. From a statistical standpoint, this number is not 

large; therefore, estimation of fragmentation event rate was rather approximate. 

Fragmentation event rate to a great extent depends on the velocity of the air coming 

to the particle from a tuyere, and to a lesser extent, on the furnace temperature (Table 1). 

At the air flow velocity of up to 50 m s−1 the fragmentation occurs rather rarely, and its 

event rate virtually vanishes. Starting from 60 m s−1, the fragmentation event rate grows, 

and in the range of 95–125 m s−1 it is observed in the major share of particles. Strong de-

pendence of fragmentation event rate on the air velocity is consistent with the mechanism 

of process occurrence proposed above. Air flow reacts intensively with the char layer on 

the particle surface at high air velocity. Rapid heating of this layer accelerates particle 

pyrolysis and creates temperature stresses in the char layer. 

Table 1. Fragmentation event rate (%) as a function of tuyere air velocity and furnace temperature. 

T Furnace, °C 
Air flow, m s−1 

20 40 50 60 95 125 

800 0 0 0 0 100 80 

1000 0 0 0 50 100 100 

1200 0 0 0 0 100 100 

The fragmentation phenomenon is not desirable in the process of fuel combustion 

and gasification. It facilitates the formation of small char particles and their removal from 

the bed with ash, which reduces the efficiency of fuel conversion and aggravates the 

problems of solid residue utilization afterward [55]. 

3.1.3. Cyclic Movement of the Flame across the Particle Surface 

Combustion of particles in the furnace space at air velocity of 20 m s−1 and furnace 

temperature of 800°C is accompanied by an interesting effect. This effect consists in the 

cyclic movement of the flame from the side face of the particle to its back face, and back to 

the side face (Figure 7). 

    

20.2 s 20.5 s 20.8 s 21.1 s 
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Fragmentation, to a certain extent, is a stochastic phenomenon, and the probability
of its occurrence can conveniently be estimated by the fragmentation event rate [54].
This parameter is calculated as a ratio of fragmentation events to the total number of
parallel samples tested under specified conditions. The number of parallel samples in the
experiment ranged from three to five. From a statistical standpoint, this number is not
large; therefore, estimation of fragmentation event rate was rather approximate.

Fragmentation event rate to a great extent depends on the velocity of the air coming
to the particle from a tuyere, and to a lesser extent, on the furnace temperature (Table 1). At
the air flow velocity of up to 50 m s−1 the fragmentation occurs rather rarely, and its event
rate virtually vanishes. Starting from 60 m s−1, the fragmentation event rate grows, and in
the range of 95–125 m s−1 it is observed in the major share of particles. Strong dependence
of fragmentation event rate on the air velocity is consistent with the mechanism of process
occurrence proposed above. Air flow reacts intensively with the char layer on the particle
surface at high air velocity. Rapid heating of this layer accelerates particle pyrolysis and
creates temperature stresses in the char layer.

Table 1. Fragmentation event rate (%) as a function of tuyere air velocity and furnace temperature.

T Furnace, ◦C
Air Flow, m s−1

20 40 50 60 95 125

800 0 0 0 0 100 80
1000 0 0 0 50 100 100
1200 0 0 0 0 100 100

The fragmentation phenomenon is not desirable in the process of fuel combustion and
gasification. It facilitates the formation of small char particles and their removal from the
bed with ash, which reduces the efficiency of fuel conversion and aggravates the problems
of solid residue utilization afterward [55].

3.1.3. Cyclic Movement of the Flame across the Particle Surface

Combustion of particles in the furnace space at air velocity of 20 m s−1 and furnace
temperature of 800 ◦C is accompanied by an interesting effect. This effect consists in the
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cyclic movement of the flame from the side face of the particle to its back face, and back to
the side face (Figure 7).
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Figure 7. One of the cycles of changing the position of the flame during combustion of the particle (T
furnace—800 ◦C, air velocity—20 m s−1, type B holder without steel cover).

After the ignition of the particle, its surface is surrounded by flame, except for the
front face. This facet faces the tuyere and is perpendicular to the axis of the air jet. The first
movement of the flame is observed at 20.5 s from the start of the sample placement into the
furnace. The air flow blows the flame off the side face, to which the flame returns after a
certain time (21.1 s) and the cycle repeats again. The number of cycles varies from sample
to sample and ranges from 6 to 8. The duration of the entire cyclic process takes about one
third of the total combustion time of the particle (Table 2).

Table 2. Characteristics of the cyclic process.

Parameter Magnitude

Total number of cycles 6–8
Cycle time, s 2.2–5.2

Total cyclic process time, s 18.5
The same, relative to the total combustion time of the particles, % 33

T center, ◦C:
- at the beginning of the cyclic process 260

- at the end of the cyclic process 470

After the first movement of the flame, there is a decrease in the combustion rate of
the particle. This can be seen from the change in the slope of the mass loss curve in the
time interval from 18 to 24 s (Figure 8). It is worth assuming that such a decrease in the
combustion rate is due to the movement of the flame away from the side face of the particle.
The flame is the source of heat and charged particles needed to sustain the conversion
process. In the absence of a flame, the char surface becomes exposed to oxidation by air,
begins to react with it, and incandesces. Incandescing of the surface leads to heating up of
the inner layers of the particle and intensification of their pyrolysis process with the release
of volatiles to the surface. The mass loss rate of the particle increases again, and the volatile
matter flame returns to side faces.
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Figure 8. Change in the relative mass of the sample, its wood core and char layer over time (T
furnace—800 ◦C, air velocity—20 m s−1, burning takes place in the furnace space). The vertical lines
indicate the beginning and end of the cyclic movement of the flame.

It should be noted that the middle of the time range of the cyclic process coincides
with the maximum amount of char on the particle surface (Figure 8). It is likely that the
cyclic movement of the flame is related to the change of combustion stages. The beginning
of this process is due to the weakening of the sample devolatilization, and its end is marked
by the completion of the devolatilization stage.

3.2. Particles Combustion in the Channel
3.2.1. Low Temperature Smoldering Combustion

Smoldering combustion is characteristic of particles in the channel at a furnace tem-
perature of 600 ◦C. The combustion of the sample includes the charring and smoldering
stages of the char layer of the particle. At low air velocities, smoldering that develops on
the surface of the particle contributes to the ignition of volatiles. Further combustion of
the particle occurs with the presence of flame on its side and back surface. When the air
velocity is increased to 40–80 m s−1, no flame is formed and the combustion of the sample
proceeds completely as a smoldering process. The particle burns from the back to the side
and front faces (Figure 9).

Significant amounts of smoke are emitted from samples in the absence of a flame. Tar
particles that form smoke interact weakly with air oxygen due to low temperature and low
concentration of radicals.

Changes in a number of particle parameters during smoldering combustion are shown
in Figure 10. Particle conversion begins with a slow charring of its surface. It is only by
the 27th second of the sample being in the furnace that the char on one of the particle
vertices begins to smolder on the surface of the sample. In the time interval from 0 to
54 s, volatiles are released from the sample, and the consumption of the surface char layer
proceeds relatively slowly. The degree of overlapping of the conversion stages (X) in this
time interval proves close to zero, with predominantly heating and charring of the particles
taking place. In the time interval between 40 and 60 s, negative values of X are observed.
Such values are due to the fact that the yield of fixed carbon from the charred samples
exceeds the yield of carbon from raw wood. A similar phenomenon was noted earlier in J.J.
Saastamoinen et al. and explained by chemisorption of oxygen on the carbon surface [56].
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Figure 9. Flameless combustion of the sample in an inert channel, T furnace—600 ◦C, air
velocity—40 m s−1, type B holder with a steel cover (a). The following images show the time starting
from the moment the sample is put into the furnace. Diagram (b) explains the location of the particle
and the elements of the rig.
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Figure 10. Changing of parameters of particle smoldering process (T furnace—600 ◦C, air velocity—
40 m s−1, combustion in the channel): m—relative mass of the charred particle, mcore—mass of particle
wood core, mchar—mass of char layer, X—degree of overlapping of stages; tign.—average time of
particle smoldering start, s; Tc—temperature of sample center, ◦C.

In the time interval from 54 to 102 s, the process of smoldering of the char layer, which
spreads over the surface of the particle, evolves. Smoldering results in char consumption.
The overlapping of the char residue combustion stage with the devolatilization stage is
12–19% in this case. The growth rate of the surface char layer mass slows down. By
the 102nd second of the process, the thermocouple readings reach 460 ◦C. This level of
temperature is sufficient to complete the intensive release of volatiles from the particle.
Nevertheless, by the 102nd second of conversion, the wood core remains in the sample,
with a weight of 49% of the initial particle weight. Under the experimental conditions,
heat comes to the thermocouple junction from the holder heated in the furnace, despite
the protective outer steel cover and the ceramic protection sheath that thermocouple wires
run through.

After 103–104 s of sample combustion, the char layer smoldering process spreads to
all side and back faces of the particle, which further leads to a simultaneous increase in the
rate of consumption and formation of the char layer. The mass of this layer peaks at 7%
by the 114th second of sample combustion. It is noteworthy that at the maximum yield
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of char, the wood part remains in the sample, the mass of which is 23% of the initial mass
of the sample. The unconverted wood residue is located in the frontal part of the sample,
which is hit by a flow of the cold tuyere air.

3.2.2. Two-Stage Particle Combustion Mechanism

Combustion at an air velocity of 20 m s−1 and a furnace temperature of 800 ◦C is
characterized by the presence of a flame of volatile matter near the side and back faces of
the particle. The time delay between placing the sample into the furnace and its ignition is
significantly shorter than in the case of a similar air velocity and a furnace temperature of
600 ◦C. This delay is 3 s compared to 55 s, respectively. During the first 6 s of conversion,
the particle intensely loses volatile substances and gets charred (Figure 11). In this case, the
surface char layer is virtually not consumed, and the degree of overlapping of the stages
is 4%.
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Figure 11. Characteristics of two-stage combustion of wood particles in the channel at T furnace of
800 ◦C and air velocity of 20 m s−1: m—mass of the charred particle, mcore—mass of particle wood
core, mchar—mass of the char layer, X—degree of overlapping of stages; tign.—average time of particle
ignition start, s; Tc—temperature of sample center, ◦C.

From the sixth second of particle combustion on, simultaneously with devolatilization
and an increase in the mass of the surface char layer, the char layer also gets consumed. The
relative content of fixed carbon (FC/FCpyro) in the charred sample decreases from 98% to
78% from the sixth to the 42nd second. In this time interval, the degree of stage overlapping
ranges from 12 to 24%.

The maximum amount of char is formed in the particle at the 42nd second of conver-
sion and is 10% of the sample initial mass. The degree of stage overlapping by this point is
24%. It should be noted that simultaneously with the maximum mass of char, the charred
sample contains a wood residue with a relative mass of 5%. By the 48th second of the
process, the sample is already completely composed of the char and the combustion stage
of the char residue becomes the main one.

The temperature of the thermocouple junction increases almost linearly from the sixth
to the 42nd second of the process. Thermocouple readings are significantly affected by
the flame of volatiles surrounding the sample holder and heating the thermocouple wires.



Appl. Sci. 2022, 12, 1179 13 of 19

Nevertheless, the course of the temperature profile reflects the change from the stage when
devolatilization prevails to the stage when combustion of the char residue prevails. From
the 42nd second on, the heating rate of the thermocouple junction increases significantly.

Combustion of samples at a furnace temperature of 800 ◦C and air velocity of 20 m s−1

can be characterized as a predominantly staged process, with the degree of overlapping of
the char residue combustion stage with the devolatilization stage of 6 to 40%, depending
on the considered time interval of sample combustion.

3.2.3. Single-Stage Particle Combustion Mechanism

The process of particle combustion at a furnace temperature of 800 ◦C and air velocity
of 125 m s−1, has common features with the aforementioned smoldering combustion. From
the moment the sample is put into the furnace until the fifth second, the sample is heated
and charred. Then the individual dots on the side and back faces of the particle begin
to smolder and glow. By the 22nd second, the glow area spreads along the entire length
of the faces, and by the 43rd second, it covers all the side and back faces. The change in
the relative mass loss of the sample (m) is consistent with the propagation of the glow
region; the conversion process accelerates with the increase in the smoldering surface of
the particle (Figure 12).
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Figure 12. Characteristics of single-stage combustion of wood particles, T furnace—800 ◦C, air
velocity—125 m s−1: m—mass of the charred particle, mcore—mass of particle wood core, mchar—mass
of the char layer, X—degree of overlapping of stages; tign.—average time of particle ignition start, s;
Tc—temperature of the sample center, ◦C.

Charred wood fuel samples tested under these conditions and taken out of the furnace
at different times consist almost entirely of an unreacted wood core surrounded by a
thin layer of char (Figure 12). Combustion is characterized by a small degree of char
accumulation on the particle surface and a significant overlapping of the char residue
combustion stage with the devolatilization stage. The degree of overlapping of the process
stages at a furnace temperature of 800 ◦C and air velocity of 125 m s−1 ranges from 40
to 68%.

The degree of overlapping of combustion stages can be estimated not only for the
overall process running from the beginning of sample input to the time t, but also for
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different time intervals. For example, the initial period of sample conversion time can
be excluded from the calculation of X. During this period, the charring of the particle
occurs, and the smoldering of the charcoal layer begins and evolves. The initial period
is transitional and does not fully characterize the course of the main combustion process.
If it is excluded, the degree of stage overlapping increases at various time intervals up
to 60–95% (Figure 13). A significant overlapping of the conversion stages allows us to
characterize this kind of sample combustion process as predominantly single-stage, in
which the consumption of most of the char occurs simultaneously with the process of
heating and wood pyrolysis.
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Figure 13. Degree of overlapping of the devolatilization and char residue combustion stages in
a single-stage conversion process. The time intervals used to evaluate the degree of overlapping
are indicated.

In the investigated single-stage process, the flame on the surface of the particle and
in the inert channel behind it is visually absent, and smoke, which is gas sol from the tar
particles, comes out of the exhaust port of the rig. The cumulative particle conversion
process is characterized by a high equivalence ratio of 6.3. The air flow rate far exceeds the
needs of the combustion process in the oxidizer. The products of combustion are greatly
diluted with cold air, and the intense flow of the latter quickly carries the products out
of the furnace. The low temperature and relatively short residence time of the vapor-gas
conversion products in the furnace result in a high tar content in the exhaust.

The equipment that consumes producer gas can have high standards with respect to
gas quality. Depending on the technology of gas use, the amount of tar in it should not
exceed the level of 0.1–100 mg/m3 [57–59]. Fuel gasification conditions with insufficient tar
conversion can also take place in downdraft gasifiers operating with intensive air supply
to the reactor. The capacity of gasifiers of this type is limited by the 1.4–2.5 MW range with
respect to fuel and is associated with the unsatisfactory quality of the gasifier gas obtained
by scaling up and boosting the reactor of the unit [60–62].

3.3. Comparison of Particle Combustion in the Channel and Furnace Space

Figure 14 shows the change in readings of the thermocouple installed at the center
of the particles. Most temperature profiles are characterized by the maximum value due
to the intense heating of the thermocouple junction when char or wood residue burns
near it. The temperature maximum corresponds to the moment of detachment from the
holder or afterburning of the particle residue on it and can be used to estimate the complete
combustion time of the samples.
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Figure 14. Change of particle center temperature in time at different tuyere air velocity. Combustion
in the free space of the furnace (a) and the inert channel (b), T furnace—800 ◦C, the captions indicate
air velocities.

When testing the particles in the free space of the furnace, increasing the air velocity
leads to a decrease in their combustion time (Figure 14a).

The experiments with the inert channel are characterized by a slightly different pattern.
An initial increase in air velocity from 10 to 40 m s−1 leads to an intensification of the process
and a decrease in the combustion time of the particles (Figure 14b). A further increase in
air velocity causes the opposite effect, which is an increase in combustion time. Differences
between the dynamics of combustion of particles in the furnace and the channel can be
explained by the different temperatures of the air supplied to the surface of the samples. In
the first case, the tuyere flow was mixed with the heated air in the muffle. In the second
case, channel design excluded hot air injection from the furnace space, and cold tuyere air
was supplied to the sample. Thermocouple measurements showed that the difference in air
temperature between the first and the second case was 150–200 ◦C.

It is interesting to compare the cases of combustion of particles in the furnace and
the channel as performed at 20 m s−1 and 800 ◦C. Measurements indicate the different
temperatures of the air supplied to the particles under these conditions. In spite of this,
the experiments produce the dynamics of the particle mass change that are similar to
each other (Figure 15). It is likely that this pattern is due to the presence of a flame swirl
between the particle and the channel, which contributes heat to the combustion process
and compensates for the lower air temperature. The pattern confirms the hypothesis, as
put forward by the study, of the intensification of the process of combustion of particles in
the inert channel.
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4. Conclusions

As part of the work, visual observation of combustion and measurement of the temper-
ature of the center of the particles were carried out. The particles were burned in the furnace
space, and the furnace temperature and air velocity were varied in the experiments. This
study showed the existence of two mechanisms of particle combustion, namely two-stage
and single-stage. In the range of tuyere air velocity below 20 m s−1, the two-stage process
occurs. Volatiles are released from the particle and burn at the initial stage of this process.
Flame around the particle, with the help of the flow of conversion products, limits the
diffusion of oxygen to the char surface of the particles and also chemically binds it during
the oxidation of combustible components. Char residue burns at the second stage of the
process. At the air velocity above 125 m s−1 a single-stage mechanism of single particles
combustion prevails. Intensive air flow reaches the fuel particle surface and causes burning
of a surface layer of char. The stages of devolatilization of fuel and that of char residue
combustion occur simultaneously. In single-stage combustion, there is no flame around
the particles.

At the tuyere air velocity above 60–95 m s−1 the fragmentation of fuel particles
commences. The surface layer of char formed on the particle surface starts intensively
reacting with the air oxygen, which may cause its rapid heating and separation from
the particle.

In this study, combustion conditions were found under which cyclic movement of the
flame across the surface of the particle is observed. This process takes about one third of
the total combustion time of the particle and consists of 6–8 cycles. Cyclicity might be due
to the changing stages of combustion of volatiles and char residue. If there is a flame near
the surface of the particle, the release of volatiles slows down over time. This deceleration
leads to a flame blowout and intense subsequent combustion of the char layer. This layer
heats the particle’s wood core and intensifies the pyrolytic processes in it. An increase in
the release of volatiles in turn contributes to the return of the flame to the surface of the
particle. The cyclic process takes place during the period of change of the devolatilization
to the char residue combustion stage.

The combustion of particles in the channel at low temperature (600 ◦C) proceeds with
a prolonged charring stage of the sample and the subsequent spread of smoldering over
the char layer. At air velocities up to 40–80 m s−1, flame formation around the sample
is observed. At high air velocities, there is no flame, and the process proceeds with the
formation of large amounts of smoke, the particles of which consist mainly of tar.

The degree of overlapping of stages proposed in the study provides a quantitative
assessment of the combustion conditions and allows us to determine the mechanism of the
process. The two-stage process of particle combustion in the channel is characterized by a
relatively small degree of stage overlap, amounting to 24%. The observed process is far from
the ideal case in which there is complete separation of the stages, and it can be characterized
as predominantly two-stage. By contrast, the single-stage process is characterized by a
stage overlapping degree of 60–95% for different combustion time intervals. This process is
also far from ideal and can be characterized as predominantly single-stage since there is
always a small layer of burning char on the surface of the particle.

The heated walls of the channel intensify the process of particle combustion. Such an
effect is probably due to the swirling of the flame between the particle and the channel.
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